This analysis utilizes a 5-MW VAWT topside design envelope created by Sandia National Laboratories to compare floating platform options for each turbine in the design space. The platform designs are based on two existing designs, the OC3 Hywind spar-buoy and Principal Power's WindFloat semi-submersible. These designs are scaled using Froude-scaling relationships to determine an appropriately sized spar-buoy and semi-submersible design for each topside. Both the physical size of the required platform as well as mooring configurations are considered. Results are compared with a comparable 5-MW HAWT in order to identify potential differences in the platform and mooring sizing between the VAWT and HAWT. The study shows that there is potential for cost savings due to reduced platform size requirements for the VAWT.
Issued by Sandia National Laboratories, operated for the United States Department of Energy by Sandia Corporation. Table 9 . There are a number of advantages offered by offshore wind compared with land based wind farms. Offshore wind sites tend to have higher wind speeds and less competition for space than onshore wind, providing an attractive incentive to use large scale turbines and wind farms.
TABLES
Additionally, much of the offshore resource is located near large coastal load centers, allowing for economical transmission of energy compared with the long transmission distances required from many land based farms (Musial and Ram, 2010) . For most of the highest coastal load centers along the Pacific coast and northeast United States, this offshore capacity is considered deep-water offshore as it exists in water depths greater than 60m as shown in Figure 1 . 
TOPSIDE DESIGN

HAWT Topside
The topside for the HAWT comparison is based on the NREL 5-MW HAWT (Jonkman et al, 2009 ). The HAWT topside has a mass of 600,000 kg with a CG of 70.4m above the still water line (SWL). Note that the 600,000 kg topside mass used here is lower than the 697,500 kg specified in (Jonkman et al, 2009 ). This is because the original turbine was designed utilizing land-based turbines while the offshore turbine will be shorter to account for the platform freeboard and therefore lighter. For an offshore application, the tower will likely be comparable to the OC3 Hywind tower. Therefore, for the HAWT topside in this study, a tower similar to the OC3 Hywind is used, resulting in a lower mass of 600,000 kg for the turbine and tower combined (Jonkman, 2010) . The primary moments of inertia in pitch and roll about the topside CG are 5.8e8 kg-m 2 . The aerodynamic thrust load is 825.0 kN with a center of pressure of 90.0m above the SWL. 
Preliminary VAWT Topside
Early on in the study, characteristics of a VAWT designed for a 5-MW application were determined by scaling an existing Darrieus design. This topside wasn't optimized for use on a floating platform, but was used as a starting point for the initial platform design studies. For reference, this topside is referred to as the "preliminary VAWT" configuration and specifics are shown in Table 2 below. This configuration is also highlighted in the overall design envelope shown in Figure 6 and Figure 7 . 
VAWT Topside Design Envelope
Once the preliminary sizing had been completed, the design envelope for the VAWT topsides was then defined by Sandia National Laboratories (Paquette, 2014 ) and used to define the range of topsides considered in this study. The design power for the turbine was chosen to be 5-MW and all design variations maintain this power generation capacity. While there are currently two
VAWT topside designs being considered, a Darrieus (D-VAWT) and a V-VAWT, the D-VAWT
design is encompassed by the V-VAWT design space in terms of the parameterizations of interest for this study ( Figure 6 ). As such, the V-VAWT design space is used to parameterize both styles of VAWT. Based on earlier work, the key parameters that influence the floating platform design are the topside mass, center of gravity, aerodynamic load, and center of pressure.
For the range of topsides considered here, the assumption is that the aerodynamic load and center of pressure remain constant over the range, but the mass, center of gravity, and primary moments of inertia about the topside CG (IPC=pitch and IRC=roll) will vary depending on the VAWT design. To parameterize the design space, the center of gravity and moments of inertia are treated as a function of the topside mass using a linear best fit ( Figure 6 ). This allows the full range of VAWT topsides to be characterized using the topside mass as the independent variable ( Figure 7 and Table 3 ). The circular markers on the graphs highlight the preliminary VAWT configuration.
As the topside design matures, additional data on how the aerodynamic load and center of pressure vary with topside mass could be used to parameterize these quantities in a similar manner. Additionally, more refined functional forms of the relationship between the design parameters could be established. Future work will consider a more vigorous definition of the topside design envelope utilizing more robust functional forms. 
PLATFORM DESIGN
Overview
Designing the floating platform for an offshore wind turbine is a complicated process. As an emerging field, there is little to no historical data on floating offshore wind projects to leverage and few currently deployed systems. While experience with floating platforms designed for offshore oil and gas is applicable, the design conditions and operational requirements for a floating wind turbine are different than a floating oil production facility.
To facilitate this cost of energy analysis, two existing floating wind turbine platforms are utilized and adapted to meet the criteria of the VAWT. The baseline platform parameters are determined using a Froude number scaling approach based on achieving the desired system performance over the topside design space. The baseline platform designs are derived from existing floating platforms developed for horizontal axis wind turbines, namely the spar-buoy platform designed for use with the OC3 and DeepCwind programs and the WindFloat semi-submersible. These baseline designs are presented briefly and the scaling methods used are described. Using the topside design envelope defined above, a range of platforms are designed and the results presented. Both a spar-buoy and a semi-submersible type platform are designed for use with the VAWT topside and compared with comparable platforms designed for a HAWT.
Baseline Platform Designs
Two types of floating platform are considered, a semi-submersible and a spar-buoy. For the semi-submersible platform, a scaled 5-MW version of Principal Power's WindFloat platform is used as the baseline design. The original WindFloat is a three column semi-submersible with a draft of 23m and displacement of 7,105,000 kg (Roddier et al, 2010) . The spar-buoy is based on the OC3 Hywind spar-buoy used in the OC3 study (Jonkman, 2010) . The original OC3 Hywind spar-buoy was developed from Statoil's Hywind spar-buoy, which is a demonstration floating offshore horizontal axis wind turbine on a spar-buoy and was deployed in 2009. The OC3
Hywind spar-buoy was modified from the original, due to the heavier 5-MW topside, which results in a 120m draft spar-buoy with a total platform mass (including ballast) of 7,466,330 kg (Jonkman, 2010) . While both of these platforms were designed for a HAWT, they provide an appropriate initial design for a VAWT of similar capacity. Both platforms are shown in Figure 8 below. 
Platform Design Methodology
The approach for designing platforms covering the range of VAWT topsides is to apply Froudescaling relationships to the baseline configurations described in the previous section.
Additionally, the draft of the OC3 Hywind baseline is modified from 120m to 80m due to the 100m deployment water depth of the chosen deployment site. As the end goal of this analysis is to determine the system cost, each platform is characterized by the mass of fabricated steel required as this represents the primary construction cost for the floating platform. The required mass of fabricated steel is proportional to the overall size of the platform and provides a reasonable parameter for the cost analysis. With the Froude-scaled approach, the geometry of the platform scales as the ratio of platform steel mass of the scaled design relative to the platform steel mass of the baseline design, denoted as λ mass . This scaling relationship applies equally to each of the gross platform design parameters (draft, column diameter, etc) and has been coded into an excel spreadsheet for use in this study. The primary scaling relationships are summarized in Table 4 below. As described earlier, the topside design envelope is defined as a function of the topside mass. To create data for use in the sizing spreadsheet, this function is discretized at intervals of 1,000 kg of topside mass, starting at the lightest topside of 247,000 kg and ending with the heaviest at 1,025,000 kg. This results in 779 design points, each with a unique center of gravity and moments of inertia based on their mass. To adequately cover the design envelope, the sizing spreadsheet is used to design a scaled platform for each of these topside data points. This process is performed for both the spar-buoy and semi-submersible platform type. For the initial study, platforms were designed for the preliminary VAWT topside. These platform designs served as the initial platform sizing and are referred to as the preliminary platform designs. For the HAWT design there is only a single topside data point, so only a single spar-buoy and semi-submersible platform was designed.
As described earlier, the design parameter for each platform is the required mass of fabricated steel. Due to the Froude-scaled nature of the design process, this mass is related to the design parameters of the platform as well as the dynamic and static stiffnesses of the system. By manipulating the platform fabricated steel mass, the performance of the system can be adjusted to meet the performance characteristics specified. For FOWTs, two of the most important performance characteristics are the mean heel angle due to the design wind load and the dynamics of the platform motion. For an operating turbine, the mean heel angle is limited to 5°
to prevent loss of power generation capacity due to an excessive reduction in turbine frontal area and reduce the bending moments in the tower. To control the platform dynamics, the natural frequencies of the system need to be outside of the primary wave energy range. In this case, the pitch and roll periods are ideally between 30-40 seconds. The mean heel angle is calculated as shown in eqn. (3.1) below. where MHA is the mean heel angle (in degrees), F aero is the aerodynamic wind load on the turbine, R z is the moment arm (relative to the SWL) and K hst,55 is the hydrostatic stiffness for pitch. The pitch period is calculated as shown in eqn. (3.2) below. where P pitch is the pitch period, I 55 is the pitch inertia, and I A,55 is the added pitch inertia due to added mass. Using these design conditions, an appropriately sized platform is determined for each topside in the discretized design envelope using the scaling relationships in the sizing tool.
Platform Design Results
The results of the platform design are presented below. As can be seen in the graph, for the largest topsides the controlling parameter is limiting the pitch period to <40 seconds. However, as the topside mass decreases, the controlling parameter begins to shift towards keeping the mean pitch angle <5 degrees. As the topside keeps decreasing in mass, the pitch period keeps decreasing while maintaining a constant pitch angle. After a certain point, depending on the platform type, the pitch period drops below 30 seconds. At this point, there is no more design work that can be accomplished with the scaling relationships in sizing spreadsheet as decreasing the platform steel mass will lower both the pitch angle and the pitch period. Therefore, both parameters can't be satisfied once the topside becomes too light. It was chosen to maintain the pitch angle and let the pitch period continue to fall, to demonstrate the trend as shown in the regions where the pitch period drops below 30 seconds and the 5 degree pitch angle is maintained. For these light-weight topsides it is recommended that a more specialized platform design be considered instead of scaling a baseline design. Results for the preliminary VAWT design are shown with circular marks and the HAWT design is shown as diamond marks on each graphs. Additionally, the 600-mt HAWT platform was designed to have the same performance as the VAWT design in an effort to provide a similar basis for comparison. As the HAWT topside has a higher CG, larger aerodynamic load and higher center of pressure than the VAWT, the size of the platform must increase to provide a similar level of performance. This is shown in the figures below by comparing the diamond markers for the HAWT design with the design curves for the VAWT design at 600-mt topside mass. A visual comparison of the scaled platforms is shown in Figure 11 for three different design points. The design points were taken to represent the range of topsides and include the 973-mt Preliminary VAWT at the upper end, a 600-mt VAWT which matches the HAWT topside mass, and a 273-mt VAWT which is the lightest VAWT topside considered. Basic dimensions are shown to illustrate the scaling relationship. For example, original WAMIT mean drift force results can be used to determine the mean drift force of a 90% Froude scaled platform (λ=0.9) for an incident wave period of 12 seconds. First, the wave period must be scaled to account for the fact that the platform is 10% smaller than the original but the design environment is unchanged. This is calculated as (3.3) where λ=0.9 is the scale factor, P orig is the original period of 12 seconds and P new is the scaled period. As the platform gets smaller, the new period appears larger. Another way to view this is that the wavelength of the design environment doesn't change but the characteristic length of the structure decreases, therefore the wavelength relative to the platform characteristic length appears longer.
To determine scaled results from the original WAMIT baseline data, the new period is used to lookup the desired quantity and obtain the scaled result. 
MOORING DESIGN
Environment
The hypothetical deployment site off the coast of Maine is shown in Figure 12 along with the location and water depth of a National Data Buoy Center (NBDC) buoy.
Figure 12. Deployment site off the coast of Maine and NBDC buoy used for wave characterization
Data from the NDBC buoy ( Figure 13 ) was used to estimate the extreme wave conditions at the deployment site using method described by Berg (2011) , noting that the 10% and 20% α o 2 curves
represent an "inflation" of the original contour to account for the method approximating stochastic values from a median value. There is also NERACOOS buoy E01 that is located closer to the deployment site and whose data is publicly available. The wind, wave and current conditions for these cases are shown in Table 6 . 
Design Procedure
The mooring system is designed as a combined synthetic rope and chain system. The synthetic rope runs in a taut configuration from the platform connection to a clumped weight at the sea bed. For the spar-buoy platform, the line attaches to the platform using a delta connection to add yaw stiffness to the platform (Figure 14 inset) . In the case of the semi-submersible, one line attaches directly to each platform column. For both platforms, a mooring chain runs along the seabed from the clumped weight to the anchor ( Figure 14 ). Parameters to be chosen for this system are the mooring spread (line length, chain length), wire rope type (type, size, strength), chain type (size, strength), clumped weight size, and the anchor type (type, size). The method for determining design forces is based on a quasi-static approach and is detailed in the next section. 
Design Loads
The loads considered in this analysis can be categorized as either steady state or dynamic loads.
For the steady state loads, the dominant forces are due to wind loads, mean drift loads, and current loads. For the dynamic loads, the primary contribution is due to the platform surge motion and associated dynamic loading on the mooring system.
Wind Loads
The wind loads are provided based on drag of the topsides in an extreme event wind case. They are considered independent of the platform type or size. For all VAWT designs, the wind load is 
Mean Drift Loads
The mean drift loads are based on a WAMIT analysis. The force is calculated as:
where TF is the adjusted period dependent transfer function from WAMIT (TF new from the method described earlier for the WAMIT analysis), is the density of sea water (1,025 kg/m 3 ), g is the acceleration due to gravity (9.80665 m/s 2 ), A is the wave amplitude (12.12 m) and V/V 0 is the scaling parameter relating the initial design volume V 0 to the scaled volume V. This allows the force to scale with the displacement of the platform.
Current Induced Force
The force due to the current was calculated as a function of the current velocity and the drag coefficient of a submerged cylinder. The formulation is shown below: 
Dynamic Induced Loads
The dynamic induced mooring load is due to the dynamic surge motion of the platform. For a typical floating platform, the magnitude of the dynamic surge motion is insensitive to the mooring design as the mooring system is compliant enough to have little effect on the dynamic surge motion. From the WAMIT analysis, the dynamic surge response amplitude operator (RAO) of the floating platform can be determined. Similar to the mean drift calculation, the range of periods for this study are based on Froude scaling the full scale period to account for the fact that the platform is changing size but the environment is not (hence the wavelength changes relative to the platform size). However, over the period range of interest, the surge RAOs for the platforms considered are a weak function of the wave period. Therefore, for the mooring analysis, the surge RAO was assumed to be constant and equal to the value for the WAMIT baseline case. A RAO value of 0.41 is used for the spar-buoy (based on WAMIT) and 0.6 for the semi-submersible (Roddier et al, 2010) . Using the design wave amplitude of 12.12m, this yields a surge amplitude of 4.97m for the spar-buoy and 7.27m for the semi-submersible.
Total Mooring System Loads
The wind, mean drift, and current forces provide a reasonable estimation of the "steady" forces acting on the platform, termed the "static load". To this end, they are used to determine a mean surge offset of the platform in the quasi-static mooring model. The tool is based on the formulation found in (Jonkman, 2007) and computes force displacement curves based on the geometry of the mooring system and selected properties of the mooring line. To calculate the mooring forces, the method utilizes a Newton-Raphson iteration scheme to solve for the vertical and horizontal forces at the fairlead based on a given fairlead position using eqns. First, using the quasi-static model data, the "Static Surge" displacement is determined through a reverse lookup of the static load on the platform using the "Fairlead -Horizontal Force" line as shown in Figure 16 . Then, the amplitude of the "Dynamic Surge" motion of the platform is added. This gives a maximum surge displacement of the platform corresponding to the mean offset plus the maximum dynamic excursion. Using the "Line Tension" curve, the maximum mooring line tension is then determined through a reverse lookup of the maximum surge displacement. A factor of safety of 1.3 is then applied to this tension to determine the design tension in the mooring line based on the DNV recommendation for a mean tension dominated mooring line (Det Norske Veritas, 2010). Additionally, the uplift force at the anchor is determined using the "Anchor -Vertical Force" line corresponding to the maximum surge offset.
This value is used in sizing the clumped weight so that the clumped weight will be sufficiently heavy to resist the maximum vertical force, resulting in zero uplift at the anchor, as described in the following mooring sections. The mooring loads over the design range are summarized in Table 7 below. Table 8 . To compare the results from the mooring model with the MARIN test data, the safety factor of 1.3 is removed from the calculated mooring loads. Also, as the MARIN data had a considerably lower wind force and this force is almost directly taken up by the mooring system, the difference in applied wind force is also accounted for. The results are shown in Table 9 . The mooring model provides a reasonable estimate of the mooring loads, considering that the MARIN data is for a different sea state and wind speed. This comparison was used to benchmark the quasi-static mooring model and ensure reasonable results for use in this study.
Mooring System
Based on the previous design procedure, a mooring system was developed for the two platforms.
The overall configuration of the mooring system is similar for both platforms with the major difference being the size and/or strength of the individual components. The particulars for each platform are shown in the tables below.
Synthetic Rope
The synthetic rope is sized based on the maximum tension determined above. This value is compared with the minimum breaking strength of synthetic polyester mooring lines designed for deep water mooring tethers of offshore platforms (WireCo, 2013) to determine the size of line required. These ropes are generally composed of multiple sub-cores which are then sheathed in a braided jacket to form a single rope. The results are summarized in Table 10 below. 
Clump Weight
The mooring model also predicts the vertical force applied to the anchor. In this mooring design the vertical force is entirely resisted by a clumped weight to ensure only horizontal loads are resisted by the anchor. Through converting the vertical force to kg, the mass and volume of a concrete clumped weight can be determined. As with other loads in the mooring analysis, a safety factor of 1.3 was used on the vertical uplift load. Results are shown in Table 11 below. 
Chain
The chain is sized using a similar method to the synthetic line. However, instead of using the maximum tension in the line, the maximum horizontal load at the anchor is used. A safety factor of 1.3 is used for these loads as was done with the maximum tension load. The length of chain required is likely to be determined based on the topology at the installation site and will allow the anchors to be located in the best substrate. To that end, a nominal length of 100m is assumed for all platforms. Chain properties are from (Billboard Engineering, 2014). Results are shown in Table 12 below. 
Anchor
The drag embedment anchor is sized based on the required horizontal tension in the mooring chain. Design charts from the Vryhoff Anchor Manual (Vryhof, 2010) were used to size an appropriate Stevpris Mk6 style drag embedment anchor based on the ultimate holding capacity (UHC) of the anchor. The design charts give UHC values based on the type of substrate and the mass of the anchor. The most conservative design line was used which corresponds to very soft clay or mud. Hence, the anchor mass is determined using the required UHC and the very soft clay design line. Results are shown in Table 13 below. 
CONCLUSIONS AND FUTURE WORK
This study presents a comparison of floating offshore platforms designed to support a variety of VAWT configurations. Additionally, a comparable HAWT configuration is investigated to understand how the floating platforms for a VAWT compare to those for a HAWT. Results of the study show that for the chosen range of 5-MW VAWT topsides, much smaller floating platforms can be produced. When compared with the size of a comparable platform designed for a HAWT topside, the lower mass and CG of the VAWT allows for a reduction in platform size.
As shown in Figure 4 earlier, one of the most significant costs of an offshore fixed-bottom wind turbine is the balance of station cost, of which a significant portion is the support structure cost. 
